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Orange II decomposition was studied on a variety of iron/carbon supported catalysts and control studies of the 
supports alone (carbon), and iron/alumina (non-active support). Variables tested included the impact of UV 
radiation, inclusion of hydrogen peroxide, catalyst treatment methods (oven treated and plasma torch treated) 
and type of the support. Results obtained for Orange II degradation indicated that active sites on carbon are 
more active for the catalytic decomposition of Orange II molecules, than metal sites. Oven-treated iron catalysts 
showed higher OII removal than catalysts prepared by plasma torch due to the fact that iron blocks carbon 
catalytic sites. XRD experiment on the non-active support allowed concluding that the oxidation state of Fe on 




 Wastewater problems have been the focus of 
several environmental studies in the last years due to 
new regulations and to the creation of a more environ-
mentally friendly culture. The use of dyes by the 
textile industry, in particular, Orange II, present a set 
of challenges but also new opportunities to understand 
the role of the catalysts and processes employed to 
break it up in more benign substances. 
 Different treatments such as physical, chemical 
and biological have been developed in order to 
eliminate organic pollutants produced by diverse 
chemical processes (colorants, pesticides, biocides, 
insecticides, explosives, nylon, resins, plasticizers, 
antioxidants, etc.) (1). Since water pollutants are 
commonly stable compounds (e.g. synthetic dyes), 
physical treatments (adsorption, stripping, liquid-
liquid extraction, and ion exchange) have numerous 
disadvantages because they basically transfer pollutants 
from a phase to another instead of destroying them 
(2). Additionally, acceptable procedures such as 
activated carbon adsorption, hypochlorite oxidizations 
and UV radiation/hydrogen peroxide processes 
present high industrial cost, despite the benefits in 
removing water pollutants (3, 4). 
 Oxidation processes have become a potential 
solution in water treatments. For example solar 
processes for commercial dies degradation using TiO2 
as catalyst, where the important interaction of agents 
such as hydrogen peroxide and persulphate ion were 
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reported (5, 6). On the other hand, Wet Air Oxidation 
(WAO) and Catalytic Wet Air Oxidation (CWAO) are 
two of the most successful processes to the degradation 
of contaminants (7). The former is the oxidation of 
pollutants in aqueous solution with air, and the latter 
is the same process but including a catalyst. However, 
these processes take place at high pressure (up to 200 
atm) and temperature (up to 300 
o
C) (8), conditions 
that are extremely expensive. 
 In contrast, an alternative method, “Fenton 
process”, has been reported for carrying out pollutant’s 
oxidation at moderate conditions of temperature and 
pressure. Although it was first elucidated about a 
century ago, when it was found that ferrous ion 
strongly promotes the oxidation of malic acid by 
hydrogen peroxide (9), subsequent work suggested 
that the homogeneous combination of H2O2 and a 
ferrous salt in acid environment is able to oxidize a 
wide variety of organic compounds (10). This process 
is known as the homogeneous Fenton process and due 
to its efficiency and the simplicity of the equipment, is 
employed to remove a wide range of pollutants (11). 
Unfortunately this approach presents some dis-
advantages, mainly caused by the need to separate the 
dissolved iron catalyst from the treated effluents, 
which require additional processes (12). In the last 
years significant efforts have been directed to creating 
a heterogeneous analog to such process (13), in order 
to overcome these difficulties. The following is a 
report on the efficacy of supported iron-based catalysts 
for a hitherto unstudied Fenton-family oxidation/ 
reduction reaction: degradation of Orange II. Orange 
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II is a non-biodegradable azo-dye commonly emitted 
by the textile industry in waste water effluents (14-
17). It poses a potential risk to human health and has 
even been reported as carcinogenic (18-21). 
 The catalysts employed were made using different 
techniques. Some catalysts were prepared by wet 
impregnation and others generated with a plasma 
technique (aerosol-through-plasma, A-T-P) and their 
activity compared. Plasma generated catalysts were 
included because of recent developments that suggest 
these catalysts are superior to those produced using 
standard incipient wetness (22-25). The activity of 
both types of catalysts was studied in conventional 
thermal catalytic reactors and in photocatalytic reactors. 
The decomposition activity effectively ceases before 
reaching a chemical equilibrium. It appears that other 
processes such as adsorption and homogeneous 
reaction with peroxide can account for a significant 
fraction of the Orange II loss. Remarkably, control 
studies with unloaded (no metal) carbon supports, 
clearly indicate that the iron particle loaded carbon is 
less active than ‘neat’ carbon. Also, using ‘neat’ carbon 
the kinetics are more consistent with the expected 
behavior of a catalytic reaction. The simplest model to 
explain the results suggest the existence of carbon 
surface sites at which the photocatalytic decomposition 
of peroxide takes place, with the radicals created at 
these sites being the active species oxidizing Orange 
II. This manuscript aims to explore the photocatalytic 
activity of supported catalysts prepared by different 
routes and study the effects of operating parameters 




 Two different materials were used as catalyst 
support in this study: a) A commercially acquired 
carbon produced from pine wood, activated with 
steam with a surface area of 600 m
2
/particle size in the 
range of 45-63 µm, and b) a commercial alumina 
powder (98% Al2O3 basis, from Sigma-Aldrich) , used 
as a control support. Wet impregnation was used to 
deposit iron on the support for all the samples. Iron 
nitrate was employed as precursor salt. 
 Carbon supported catalysts were prepared with 
two different iron percentages (5.5%wt and 8.5%wt). 
Additionally, two different kinds of techniques were 
used as thermal treatments post impregnation in these 
samples: Oven treatment and plasma process. The 
former was conducted in an oven under nitrogen 
atmospheres and for the purposes of this manuscript 
has been identified as carbon oven catalysts – CO. 
Alumina based catalyst were synthesized using an iron 
load of 5.5%wt followed by a post impregnation oven 
treatment in nitrogen, here denominated alumina oven 
catalyst - AO. 
 The plasma procedure is a technique that uses a 
microwave plasma operated at atmospheric conditions 
to process the sample (23, 25, 26). This fabrication 
method is known to vaporize the precursors, as they 
are carried by a gas through the glow discharge zone 
of the plasma reactor where they reach very high 
temperatures (above 2000 
o
C) in only fractions of a 
second, and produce highly dispersed solids usually 
collected in the afterglow region. This method to 
prepare carbon supported products was referred as 
carbon plasma catalysts - CP. Table 1 summarizes the 
identification of the catalysts prepared. 
 After impregnation, the thermal treatments 
conditions were as follow: oven treatment was 
performed by loading 1 g of the previously impregnated 
sample on an alumina boat under nitrogen flowing 
atmosphere (10.5 SCCM) at 550 °C for 2 hours. 
Previous TGA and DSC analyses showed that this 
thermal treatment was appropriate for the complete 
decomposition of nitrate groups. 
 The carbon supported catalysts, after impregnation, 
were treated in the plasma torch system. These solid 
particles were mixed with a stream of argon and fed as 
an aerosol through a vertically positioned plasma. The 
aerosol system and the plasma torch arrangement are 
described in detail elsewhere (23, 26, 27). Plasma 
torch was operated at a pressure of approximately 657 
torr (near atmospheric), 900 W of supplied power, 
aerosol gas (Argon) with a flow of 0.2882 L/min, 
plasma gas (Argon) with a flow of 2.3048 L/min 
mixes with the aerosol gas just in the center of the 
coupler zone known as the discharge zone, where 
temperatures can reach between 2000-3000 K (28). 
The gases carry the particles throughout the hot zone 
of the plasma torch and into the afterglow in less than 
0.1 s. Subsequently, the catalytic material is collected 
in a filter paper downstream. In this process the high 
temperature of the plasma decomposes the nitrate 
groups of the precursor salt, reducing the metal. The 
rapid passage of particles allows the metal atoms to be 
adsorbed into the carbon surface with a high velocity 
of diffusion (23). 
 
Catalysts Characterization 
X-ray Diffraction. Carbon-supported iron catalysts 
were analyzed by X-ray diffraction (XRD), using a 
Scintag Pad V diffractometer with DataScan 3.1 
software (from MDI, Inc.) for system automation and 
data collection. Ni-filtered Cu K_ radiation (40 kV, 
35 mA) was used with a Bicron Scintillation detector 
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(with curved graphite-crystal monochromator). Data 
was analyzed with Jade 5 Software (from MDI, Inc.) 
using the ICDD PDF2 database (29). 
Transmission Electron Microscopy. A 200 kV JEOL 
2010F high resolution transmission electron micro-
scope (TEM) with point-to-point resolution of 0.19 
nm was used to examine the morphology of the 
samples. They were prepared by dipping a copper grid 
in an ethanol solution in which the catalysts were 
dispersed. 
Scanning Electron Microscopy. Scanning electron 
microscopy (SEM) was performed with a Hitachi 
S5200 Nano SEM. Digital Micrograph Software 
(Gatan Inc.) was also utilized as a tool to obtain 
particle size information. 
Nitrates decomposition.Thermogravimetric analyses 
were performed with a Netzsch STA 409 PC Luxx to 
determine thermal conditions for reducing iron, 
following a temperature-programmed reduction 
protocol and using iron oxide nanopowder. According 
to the TGA analysis, the catalyst was reduced for 240 
minutes in a flow of H2 at 673K. Active surface area 
of the reduced catalyst was measured through the 
irreversible CO chemisorption at atmospheric pressure 
and 300K, using 2.7 µmole CO/gr as gas uptake (30). 
The stechiometry of CO:Fe used for calculations was 
1:2 (30). 
Elemental Analysis. Elemental Analysis of a few 
representative samples was carried out by means of 
Inductively Coupled Plasma (ICP). Samples were 
previously weighed and additionally 1 ml of HNO3 
and 3 ml of HCl were added to each sample. They 
were heated on a heat block until dissolved. Then, 
each sample was brought to a total volume of 25 mL 
with 18 mega ohm of DI water. 
Experimental Design. Conducted using the program 
JMP 8 (using a Factorial Design setup) to determine 
the minimum number of experiments that will render 
statistically significant results with the variables 
selected. 
Catalytic and Photocatalytic Activity. Activity of the 
catalysts prepared was tested for the Orange II (OII) 
degradation in both conventional catalytic reactors, 
and in photocatalytic reactors. Two main cases were 
considered in this study: Control studies of the supports 
(carbon and alumina), iron/carbon and iron/alumina 
catalysts described in Table 1. In both cases the 
variables tested included the impact of UV radiation 
and the inclusion of hydrogen peroxide.  
 Reaction was performed in an annular chamber 
Pyrex batch reactor, assisted with a magnetic stirring 
mechanism that allowed a homogeneous mixing of 
the solution. All the experiments were conducted 
using 20 mg of either support or supported-catalyst in 
the reactor containing 200 ml of a 0.1 mM OII 
solution a concentrate solution of sulfuric acid was 
employed for acidifying the OII solution to pH 3 
before the reaction. The annular chamber contained 
the OII solution; the light source was located in the 
center of the reactor allowing a symmetrical exposure 
of the reactor walls to light, the lamp and the solution 
were not in contact. Additionally, the reactor had a 
cover that avoided any losses of light and interferences 
of the environment. The reactor was maintained at 25 
°C and room pressure. The lamp used was a UV-A 
lamp with ƛ=361 nm. The hydrogen peroxide concen-
tration used in all experiments was 4.5 mM (Merck). 
The reaction time was measured taking the moment 
when the catalyst (or the support) and the H2O2 were 
added and the light was turned on (t=0). The reaction 
was followed for 164 min, while 21 samples were 
taken on the run, using sodium sulfite to stop reaction. 
Absorbance and High Performance Liquid Chromato-
graphy analyses were used to evaluate each sample as 
an indirect measure of the OII concentration over time.  
UV-Absorbance Analysis. This technique was used as 
the main approach to evaluate the OII conversion. 
According to the literature, the UV–Vis spectrum of 
OII shows the maximum absorption peak at 480 nm 
(31), thus using a UV-VIS Spectrophotometer (Perkin 
Elmer Lambda 35 UV/VIS) a scan of the OII solution 
was carried out to a sample with a concentration of 
1mM. The expected peak and its correspondent 
absorbance were found on the visible range at 462 nm. 
As a result, the elaboration of a calibration curve for 
OII concentrations between 0 and 0.1 mM was carried 
out by measuring absorbance of samples at 462 nm. 
This calibration curve was used to convert absorbance 
to OII concentration for all the samples measured in 
the reaction. 
High Performance Liquid Chromatography (HPLC). 
HPLC Analyses of the products of selected experiments 
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Figure 1. Control studies for the carbon and alumina. 
 
were carried out in order to support and confirm the 
results obtained by absorbance analysis. LC analyses 
were performed on a Hitachi Lachrom Elite HPLC 
System equipped with a diode array detector. A 25 µl 
sample volume was introduced through a LiChrospher 
100 RP-18 column (250 mm length and 4 mm i.d.) 
containing 5 µm packed particles (Merck KgaA, 
Darmstadt, Germany). The mobile phase contained 
30% acetonitrile and 70% of a 0.03M ammonium 
carbonate solution. It was adjusted to pH 7.9 (32). The 
flow rate was 0.8 ml/min at isocratic conditions and 
30 °C. Chromatograms were obtained at a 231 nm 
wavelength.  
 
Results and Discussion 
 This study provides information on two topics of 
importance to understand the photocatalytic degrada-
tion of OII over carbon-supported catalysts. First, the 
activity of OII decomposition was tested in control 
studies of the supports, in order to clarify if the 
reduction of OII concentration is an effect of adsorp-
tion, catalytic, photocatalytic process or a combination 
of them. As a result, ten experiments were carried out 
followed by both absorbance (Figure 1) and HPLC 
analyses (Figure 2) and it was demonstrated that 
several effects could contribute to the pollutant 
removal. 
 The first experiment was the evaluation of the 
ability of H2O2 to eliminate OII in aqueous solution 
without the addition of any heterogeneous catalyst and 
in dark conditions, adjusting the H2O2 concentration to 
the 4.5 mM as in the other experiments, which is the 
same quantity used in the reaction tests. Figure1 
shows that the OII removal using hydrogen peroxide 
is negligible (<0.1% after 165 minutes) and HPLC 
analysis of the 120-min sample confirmed this result. 
This behavior might be accredited to its low oxidative 
potential as compared with other oxidative substances 
(33). 
 In contrast, it was found an important OII removal 
effect carried out by the carbon support, when it was 
tested alone in dark conditions, which is in the order 
of 21% according to Figure 1. Since HPLC analyses 
(Figure 2C) demonstrated that there are no other 
substances produced when carbon is tested, this fact 
suggests that carbon has only an adsorption effect. 
This percentage of adsorption is indeed a regular 
value for a micro porous carbon; high adsorption 
capacities have been reported for mesoporous carbons, 
because they improve the adsorption of macro-
molecules (17). On the other hand, alumina support 
showed no effect in the OII degradation, obtaining 
0.5% of OII removal after 164 min of reaction in dark 
conditions and consolidating itself as an inert support, 
fact that is imperative for comparison purposes. 
 When carbon was tested in the presence of H2O2 
in dark conditions, the percentage of OII removal 
increased to 34% (Figure 1), showing oxidation 
products (Figure 2B) and suggesting different aspects 
that can contribute to this behavior. Report on the 
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Figure 2. HPLC Chromatogram of: A) Orange II 0.1mM; HPLC Chromatograms of the 120-min sample treated with: B) Carbon and 
H2O2, C) Carbon and D) Carbon, H2O2 and UV light. 
 
relationship between surface area and H2O2 
decomposition implied that the large microporosity of 
the carbon assists the H2O2 decomposition in the 
nucleate sites the (34, 35), Figure 1 demonstrated that 
H2O2 does not nucleate on a porous inert material like 
alumina (0% of OII removal). Consequently, sites on 
the carbon act as oxidation/reduction sites for H2O2, 
increasing OII removal when compared to the test 
with only carbon because the carbon surface is not 
only absorbing OII but decomposing with H2O2 to 
destroy the pollutant. 
 The combination of carbon and UV light, without 
H2O2 reached a 38% of removal (Figure 1). HPLC 
analyses showed the appearance of oxidation products 
implying an interaction between carbon and UV light 
that produce OII removal via oxidation. 
 However, it is important to point out that 
decomposition activity effectively ceases before 
equilibrium for most of the experiments showed in 
Figure 1 excepting the test using H2O2 and UV light; 
and the test using carbon, H2O2 and UV light. 
Consequently, the degradation profiles these two runs 
are more consistent with a catalytic process, since OII 
degradation trends toward 100% in contrast of all the 
other runs that reach their maximum OII removal at 
approximately 40 minutes of reaction. Indeed, the 
experiment using H2O2 and UV light (Figure 1) is a 
clear illustration of a homogeneous photocatalytic 
process (photolysis) that has been broadly used in the 
direct photo degradation of contaminants in aqueous 
environments (36). It shows approximately 50% of 
pollutant removal after almost 180 minutes of reaction 
(Figure 1). 
 The test using carbon, H2O2 and UV light showed 
the highest OII removal, showing 80.1% of dye 
degradation (Figure 1) and almost a total decrease in 
the OII peak according to the chromatogram showed 
on Figure 2D. It shows the presence of oxidation 
products in a ratio of 11.19 (Area of the Main 
Oxidation Peak to the Area of the OII Peak) as well as 
the highest OII removal of all the runs (97.6% 
measured by HPLC). Is worth noting that this result is 
superior to all of the obtained by iron-supported 
catalysts tested and summarized in Figure 3. 
Additionally, as is showed in Figure 1 the experiment 
using Alumina, H2O2 and UV light showed only 9.2% 
OII removal. This fact suggests that carbon sites are 
catalytically active in comparison to the performance 
of an inert support at the same conditions. 
 The second topic of importance is the relevant 
features observed by the carbon-supported iron 
catalysts regarding the preparation methods employed 
and the performance in the OII degradation. Two main 
cases were conducted: First, catalysts performance 
was tested in photocatalytic reactors using both H2O2 
and UV light (Figure 3A) and also catalysts were 
studied in conventional catalytic reactors using only 
H2O2 (Figure 3B). The morphology of the carbon-
supported catalysts was analyzed by SEM (Figure 4) 
and TEM (Figure 5), finding that CO catalysts 
(Figure4A and Figure 5A) are composed by spherical 
particles apparently well distributed on the surface of 
the carbon. In contrast, CP catalysts (Figure4B and 
Figure 5B) present an apparent agglomeration of Iron 
nano-particles as a “coral type” structure. Additionally, 
TEM pictures of CP catalysts revealed a remarkable 
phenomenon which is the evidence of a “carbon-shell” 
which covers the iron particles (Figure5B). In both 
cases is evident that the carbon support presents 
microporosity and its shape is ill-defined. Moreover, 
P. Celis-Salazar et al. 



































Figure 4. SEM images of CO and CP catalysts. 
 
EDS and elemental analyses demonstrated that 
catalysts show similar composition treated in both 
procedures.  
 Furthermore, chemisorption with carbon monoxide 
over the CO catalyst of 8.5%w/w, showed a metal 
surface area of 6.135 m
2
/g. For this sample the 
average particle size diameter was previously 
calculated from SEM, finding a value of 44.8 nm 
using Gatan Digital Micrograph software. There is 
good agreement between values determined by SEM-
TEM and chemisorption. The table inserted in Figure 
3 summarizes the dispersion and iron surface area of 
the CO and CP catalysts prepared, indicating that for 
catalysts of the same iron load, CP ones have more 
than the double iron surface area than CO catalysts. 
Contrary to the expectation inferred from earlier 
reported studies of Fenton (9, 37, 38) and Photo-
Fenton heterogeneous catalysis (39, 40), the iron 
surface area available in the catalysts does not 
increment the OII degradation as can be seen in Figure 
3. It can be observed in Figure 3A how when catalysts 
were tested with both H2O2 and UV light the OII 
removal was better for the oven catalyst with the 
lowest metal area of 2.131 m
2 
Fe/g and the worst OII 
removal was obtained by the plasma catalyst with the 
highest iron area (13.087 m
2 
Fe/g). The same 
phenomenon was observed when catalysts were tested 
only with H2O2 (Figure3B) as OII removal increases 
when iron surface area decreases. HPLC analyses of 
all the test shows the evolution of oxidation products. 
 Significantly, Figure 3 shows that the OII 
degradation behavior of all the carbon-supported 
catalysts tested either with H2O2 and UV light (Figure 
3A) or H2O2 (Figure 3B) is also inconsistent with a 
catalytic process. Again OII degradation stops at 
approximately 85 minutes of reaction, ceasing before 
the equilibrium. In contrast, as it was previously 
explained, Figure1 demonstrated that over ‘neat’ 
carbon the kinetics is more consistent with catalytic 
activity. 
 The mechanism of the commonly called Hetero-
geneous Fenton process is still being a matter of 
controversy because several intermediates agents have 
been suggested to be involved on the oxidation 
reactions, and most of the authors suggest a catalytic 




(10, 17, 33, 
41, 42). Differences between oven and plasma 
Fe/catalysts are not only in the metal dispersion but 
also the oxidation states of iron, XRD profiles show 
that CO catalysts present mainly the characteristic 





 (Figure 6A), while CP catalysts show the presence 
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Figure 5. TEM images of CO and CP catalysts. 
 
of metallic Iron, which is in agreement with previous 
studies in which the high velocity of diffusion of the 
plasma process, allows the iron atoms to be adsorbed 
directly into the carbon surface avoiding them to 
interact and form other species (25). 
 In order to identify if the oxidation state of iron 
was the main factor controlling catalysts performance, 
the iron/alumina oven treated catalyst AO was tested 
with H2O2. Figure 1 shows a 2.1% of OII removal for 
this experiment. Since it was previously demonstrated 
that alumina is an inert support, and CO and AO 




(Figure 6A), this 
fact clearly indicates that the iron oxidation state in 
the catalysts is not the main factor in the photo-
catalytic degradation of OII over carbon-supported 
catalysts. Comparing the catalytic activity of carbon 
when it was tested with both H2O2 and UV light 
(Figure 1), with the one of the iron-containing catalysts 
(Figure 3A) reveals that sites at the carbon surface are 
more active for the catalytic decomposition of OII 
than metal sites. In this sense, the data suggests that 
probably photocatalytic decomposition of H2O2 takes 
place at sites on the carbon surface. Subsequently, the 
radicals created at these sites oxidize OII. In the same 
manner, it is believed that due to its higher iron 
dispersion plasma catalysts block carbon surface sites 
more than oven catalysts, and activity decreases as 
iron surface area increases. 
 
Conclusions 
 The study of photocatalytic and catalytic degrada-
tion of OII over carbon-supported catalysts revealed 











Figure 6. XRD profiles of CO and CP catalysts. 
 
sites. Indeed, control studies with unloaded carbon 
clearly indicated that the OII degradation is more 
consistent with a catalytic process when compared to 
the degradation behavior over supported iron catalysts. 
Data suggests that probably photocatalytic decomposi-
tion of H2O2 takes place at sites on the carbon surface, 
generating radicals that subsequently could assist OII 
oxidation. Additionally, other processes such as 
adsorption and photolysis can contribute for a relevant 
fraction of the OII removal. Contrary to the expecta-
tions, oven-treated iron catalysts showed higher OII 
removal than catalysts prepared by plasma torch due 
to the fact that iron blocks carbon catalytic sites, and 
consequently the highest dispersive plasma catalyst 
performed less effective for OII removal than the 
poorly dispersive oven catalysts. Finally, the catalyst 
AO was used to identify the impact of the iron 
oxidation state on the catalysts performance, and it 
can be observed that the iron oxidation state in the 
catalysts is not the main factor in the photocatalytic 
degradation of OII. 
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